The paracaspase MALT1 is essential for the activation of NF-κB in response to T cell receptor (TCR) stimulation. It recruits downstream TRAF6 and activates the E3 ligase activity of TRAF6 to polyubiquitinate several targets, which ultimately leads to NF-κB activation. Here we identified ubiquitin-specific protease 2a (USP2a) as a MALT1-associated protein by biochemical affinity purification. Endogenous USP2a constitutively interacted with TRAF6, but dynamically interacted with MALT1 and CARMA1 in a stimulation-dependent manner. RNA interference (RNAi)-mediated silencing of USP2a attenuated TCR-induced NF-κB activation and production of interleukin-2 (IL-2). In addition, the ubiquitination of MALT1 and TRAF6 were both suppressed by USP2a knockdown. By knockdown and reconstitution assays, we found that USP2a mediated the interaction between MALT1 and TRAF6 in a catalytic activity-dependent manner. Furthermore, USP2a deSUMOylated TRAF6. Our findings implicate that USP2a plays an important role in TCR signaling by deSUMOylating TRAF6 and mediating TRAF6-MALT1 interaction.
INTRODUCTION
NF-κB is an important transcription factor in inducing expression of gene products mediating immune responses. The activation of NF-κB can be triggered by not only pathogenic structures, multiple cytokines and various stress stimuli, but also antigen recognition by lymphocyte receptor complexes (Ghosh et al., 1998) .
Full activation of mature T cell depends on the engagement of T cell receptor (TCR) complex and CD28 costimulatory receptor by an antigen-presenting cell (Alberola-Ila et al., 1997) . TCR/CD28 costimulation induces classical NF-κB signaling, which depends on the activation of the IκB kinase (IKK) complex, composed of two kinase subunits IKKα and IKKβ, and a regulatory subunit IKKγ. IKK complexes catalyze the phosphorylation of the IκB inhibitor IκBα, which subsequently undergoes proteasomal-dependent degradation. Cytosolic NF-κB is then released, translocates into the nucleus, and engages κB enhancer elements of target genes. In T cells, three indispensable signal proteins, caspaserecruitment domain membrane-associated guanylate kinase protein 1 (CARMA1), B-cell CLL-lymphoma 10 (BCL10) and mucosa-associated lymphoid tissue lymphoma translocation gene 1 (MALT1) assemble a CARMA1/BCL10/MALT1 (CBM) signalosome, which provides a critical link between TCR/ CD28 proximal signaling events and NF-κB activation (Ruland et al., 2001; Gaide et al., 2002; Pomerantz et al., 2002; Wang et al., 2002; Ruefli-Brasse et al., 2003) . Upon TCR stimulation, the scaffold protein CARMA1 is phosphorylated and recruited to the lipid rafts. Activated CARMA1 undergoes a conformational change and recruits constitutively associated BCL10-MALT1-IKKβ to form so called CARMA1/BCL10/MALT1 (CBM) signalosome. Subsequently, BCL10 is phosphorylated to regulate IKK/NF-κB activation both positively and negatively (Wegener et al., 2006; Thome and Weil, 2007) , whereas MALT1 is oligomerized and recruits the ubiquitin E3 ligase tumor necrosis factor receptor-associated factor 6 (TRAF6) . Recruited TRAF6, activated by oligomerization, catalyzes the Lys63-linked polyubiquitination of MALT1 and BCL10, both of which thereby mediate the recruitment of IKKγ to the CBM signalosome (Oeckinghaus et al., 2007) . Furthermore, TRAF6 catalyzes the bound IKKγ, whose ubiquitination is essential for IKK activation (Deng et al., 2000) . TRAF6 also targets itself for K63 polyubiquitination and activates the protein ki-kinase transforming growth factor β-activated kinase 1 (TAK1) and TAK1-binding protein 2 (TAB2), which in turn phosphorylate IKKβ and subsequently lead to IKK activation . Thus, MALT1 acts as a scaffold protein bridging activated CARMA1/BCL10 with TRAF6, and activates IKK complexes by promoting E3 ligase activity of recruited TRAF6. In addition, as a paracaspase, MALT1 possesses a caspase-like proteolytic activity. Upon TCR costimulation, activated MALT1 cleaves the associated de-ubiquitinating enzyme A20, inhibits A20-dependent de-ubiquitination of IKKγ, and thereby promotes maximum TCR-induced NF-κB activation (Coornaert et al., 2008) . MALT1 also cleaves BCL10, which promotes integrin-mediated adhesion of activation T cells (Rebeaud et al., 2008) .
Because of these critical roles of MALT1 in TCR-induced NF-κB activation, we performed biochemical affinity purification with MALT1 as a bait protein to search potential regulators of MALT1 function. USP2a was identified as a protein specifically associated with MALT1. USP2a positively regulated TCR-induced NF-κB activation and production of IL-2 by mediating the interaction between TRAF6 and MALT1. Our study revealed an important role of USP2a in TCR-signaling.
RESULTS

Identification of USP2a as a MALT1-interacting protein
MALT1 plays an essential role in TCR-induced NF-κB activation. For a better understanding of the detailed mechanism of TCR signaling, we purified MALT1-associated proteins by a tandem affinity purification experiment, and identified the eluted proteins by a shotgun mass spectrometry analysis method. By comparing with other unrelated purifications using the same method, we identified several candidates, including USP2a, as potential MALT1-associated proteins. To confirm whether these candidates indeed interact with MALT1, we performed coimmunoprecipitation assays. Among the candidates, USP2a interacted with MALT1 specifically. As shown in Fig. 1A , overexpressed USP2a interacted with MALT1, as well as CARMA1, TRAF6 and TAK1, but not with BCL10. To determine the endogenous association of USP2a with these signal proteins, we stimulated Jurkat T cells with PMA/ionomycin (P/I), then performed coimmunoprecipitation assays. The results showed that USP2a was dynamically associated with endogenous MALT1 and CARMA1 upon P/I stimulation (Fig. 1B) . In contrast, USP2a was constitutively associated with TRAF6 in T cells, consistent with our previous study .
USP2a mediates TCR-induced T cell NF-κB activation and IL-2 production
Since USP2a was associated with several key signaling proteins in TCR signaling, we examined whether USP2a participated in T cell activation. To examine the physiological role of USP2a in T cells, we made three RNAi vectors targeting different sites of the human USP2a mRNA, and determined their efficiencies. As shown in Fig. 2A , the #3 USP2a-RNAi plasmid could markedly inhibit the expression of transiently transfected USP2a, whereas #1 and #2 RNAi plasmids had minimal effects. We then chose the #3 RNAi plasmid for further experiments. Stable Jurkat T cells transfected with USP2a-RNAi were generated by retroviral-mediated transduction. As shown in Fig. 2B , the level of endogenous USP2a in USP2-RNAi-transfected Jurkat T cells was decreased to less than 10% of control cells. We then stimulated RNAi-transfected cells by crosslinking CD3 and CD28 or P/I stimulation. The activation status of NF-κB was then measured by phosphorylation of IκBα. As shown in Fig. 2C , knockdown of USP2a dramatically inhibited the activation of NF-κB as indicated by much weaker phosphorylation of IκBα, suggesting that endogenous USP2a mediates TCR-triggered NF-κB activation. To further confirm the results, we reconstituted the expression of USP2a in USP2a-knockdown cells by transfecting MIGR-GFP-USP2a into USP2a-knockdown cells and subsequently isolating the reconstituted cells by FACS sorting. By immunoblot analysis, we confirmed the level of USP2a in reconstituted cells was partially recovered (Fig. 2D) . Upon stimulation by crosslinking CD3 and CD28, the repression of phosphorylation of IκBα by USP2a-knockdown was partially rescued by USP2a reconstitution (Fig. 2E) . Consistently, IL-2 expression induced by P/I stimulation was markedly downregulated in USP2a-knockdown cells; whereas USP2a reconstitution partially reversed the inhibition of IL-2 transcription and secretion by USP2a knockdown ( Fig. 2F and 2G ). These data suggest that USP2a is important for TCR-triggered NF-κB signaling.
Inhibition of TCR-induced ubiquitination of MALT1 and TRAF6 by USP2a knockdown
USP2a is reported as an ubiquitin-specific protease cleaving the polyubiquitin chains linked to target proteins. Since the ubiquitination of MALT1 and TRAF6 was critical for processing the TCR-induced NF-κB activation, we next tested whether USP2a played a role in regulating the ubiquitination of MALT1 or/and TRAF6. Stable USP2a-RNAi transfected or control Jurkat T cells were treated with CD3/CD28 crosslinking or P/I stimulation. Cell lysates were immunoprecipitated with an antibody against MALT1 or TRAF6 for detecting the endogenous polyubiquitination. The results surprisingly showed that either polyubiquitination of MALT1 or TRAF6 in USP2a-knockdown cells were diminished compared with the controls (Fig. 3 ). Lys63-linked ubiquitination of MALT1 or TRAF6, critical for signal transduction, were also diminished in USP2a-knockdown cells (Fig. 3) . These results suggest that USP2a plays a role in TCR-triggered NF-κB activation independent of its deubiquitination activity under physiological condition. 
Recruitment of TRAF6 to MALT1 by USP2a
The recruitment of TRAF6 to MALT1 is critical for activating the E3 enzymatic activity of TRAF6 targeting both MALT1 and itself. Because USP2a knockdown reduced the ubiquitination of both MALT1 and TRAF6, we wondered whether USP2a played a role in linking TRAF6 with MALT1. We transfected MALT1 and TRAF6 or BCL10 as a control into USP2a-RNAi or control HEK293 cells, and then performed coimmunoprecipitation experiments. The results showed USP2a knockdown inhibited the association between MALT1 and TRAF6, but had no marked effect on the interactions between MALT1 and BCL10 (Fig. 4A) , suggesting that USP2a may act as an adaptor linking the interaction between MALT1 and TRAF6. To confirm this observation, we performed endogenous coimmunoprecipitation experiments with USP2a-knockdown Jurkat T cells. Compared with the control cells, USP2a knockdown largely impaired the recruitment of TRAF6 to MALT1 (Fig. 4B) .
Because USP2a is a cysteine protease physiologically associated with TRAF6, we next wondered whether the enzymatic activity of USP2a is required for its role in linking TRAF6 to MALT1. We prepared several point mutants of USP2a, in which the enzymatic activities were impaired as reported before . TRAF6 and MALT1 were transfected together with USP2a or its point mutant C276A, D357A or H557A in USP2a-knockdown HEK293 cells. The interaction between TRAF6 and MALT1 was then examined by coimmunoprecipitation. The results showed that the re- ) were stimulated with P/I for 3 hours. The total RNA from the cells was extracted and analyzed by real-time PCR using primers specific for IL-2 genes (left). The culture medium was collected and subjected to ELISA for measuring the production of IL-2 (right). constitution of USP2a strengthened TRAF6-MALT1 interaction, further supporting the function of USP2a in recruiting TRAF6 to CBM complex (Fig. 4C) . In addition, the reconstitution of point mutants of USP2a, especially D357A and H557A, had less effect on promoting TRAF6-MALT1 interaction than wild-type USP2a did (Fig. 4C) . These results suggest that USP2a mediates the interaction between TRAF6 and MALT1, and the enzymatic activity of USP2a is required for its adaptor role.
USP2a mediates the deSUMOylation of TRAF6
SUMOylation, a post-translational modification of proteins by small ubiquitin-like modifier (SUMO), modulates diverse cellular processes, including transcription, intracellular transport, DNA repair, replication and cell signaling (Hannoun et al., 2010) . It has been reported that TRAF6 can be modified by SUMO-1, and thus represses c-Myb-mediated transactivation (Pham et al., 2008) . Because the enzymatic activity of USP2a was required for the recruitment of TRAF6 to MALT1, we next determined whether USP2a affects the SUMOylation of TRAF6. In Jurkat T cells, the SUMOylation of TRAF6 was dramatically increased by knockdown of USP2a (Fig. 5A) , suggesting that USP2a mediates the removal of the SUMO moiety of TRAF6 under physiological conditions. Furthermore, overexpression of USP2a deSUMOylated overexpressed TRAF6 in HEK293 cells (Fig. 5B) . These results suggest that USP2 mediates the deSUMOylation of TRAF6.
DISCUSSION
The association of MALT1 and TRAF6 is a critical step linking CBM complex with TAK1-IKK complex in TCR signaling. Upon TCR stimulation, MALT1 is recruited to CARMA1 together with BCL10. Thereafter, MALT1 undergoes oligomerization and recruits TRAF6 through its C-terminal TRAF6 binding sites. The ubiquitin ligase activity of TRAF6 is then activated to mediate K63-linked polyubiquitination of both itself and MALT1, which promoting the signals to downstream NF-κB activation . Our recent study showed that protein kinase C delta negatively regulates TCR-induced NF-κB activation through interrupting MALT1-TRAF6 interaction . In this report, we further identify USP2a as an adaptor protein facilitating MALT1-TRAF6 interaction, and therefore promoting NF-κB activation. We provide several lines of evidences in support of our conclusion. First, knockdown of USP2a expression led to the attenuated NF-κB activation and IL-2 production in Jurkat T cells induced by TCR stimuli, whereas the reconstitution of USP2a partially rescued NF-κB activation. These two observations suggest that USP2a is important for TCR signaling. Second, USP2a, constitutively associated with TRAF6 as reported before, dynamically interacted with MALT1 and CARMA1 upon P/I stimulation. Third, knockdown of USP2a expression dramatically impaired the interaction between TRAF6 and MALT1, and thus affected the ubiquitination, especially K63-linked type, of both TRAF6 and MALT1 induced by P/I stimuli. Fourth, the reconstitution of USP2a strengthens the interaction between TRAF6 and MALT1.
USP2a is generally reported as a cysteine protease that removes ubiquitin chains in several signaling pathways (Stevenson et al., 2007; Shan et al., 2009; Oh et al., 2011) . TRAF6 has been identified as a target of USP2a in TNF-α induced NF-κB activation (Metzig et al., 2011; Mahul-Mellier et al., 2012) . We recently also reported a critical role of USP2a in negatively regulating IL-1β and virus-induced NF-κB activation. USP2a cleaves K63-linked ubiquitin chains from TRAF6, and inhibits IL-1β-and virus-induced NF-κB activation . Although overexpressed USP2a also cleaved the ubiquitin chains on MALT1 and inhibited MALT1-BCL10-mediated NF-κB activation by luciferase reporter assays (Fig. S1 and S2) , knockdown of USP2a in Jurkat T cells led to the attenuated ubiquitination of both TRAF6 and MALT1 induced by TCR stimuli (Fig. 3) , suggesting that USP2a plays a role in TCR signaling independent of its deubiquitination activity under physiological condition. En dogenous USP2a was constitutively associated with TRAF6 and dynamically associated with MALT1 upon the stimulation. The findings by immunoprecipitation assays on both RNAi-transfected and reconstituted cells reveal the role of USP2a in promoting the interaction between TRAF6 and MALT1 as an adaptor.
The findings that the intact enzymatic activity of USP2a is required for its adaptor role triggered us to explore how USP2a regulates the interaction between TRAF6 and MALT1. Our results surprisingly showed that endogenous USP2a deSUMOylated TRAF6. There are only two types of deSUMOylases are reported so far, including the sentrin-specific proteases (SENPs) and deSUMOylating isopeptidase 1 (DeSI-1) (Shin et al., 2012) . In the present study, we showed that USP2a, a member of the ubiquitin-specific protease family, could mediate the deSUMOylation of TRAF6. This finding suggests that certain deubiquitinating enzymes may also have deSUMOylating activity.
SUMOylation of target proteins can either provide surfaces for protein interactions, or prevent or lossen protein-protein interaction because of their bulkiness (Bergink ) were transfected with the indicated plasmids (4 μg each). SUMOylation assays and immunoblot analysis were performed. and Jentsch, 2009). Our findings that USP2a deSUMOylated TRAF6 and promoted the association between MALT1 and TRAF6 suggest that SUMOylation of TRAF6 might prevent the TRAF6-MALT1 interaction.
Based on our observations, we propose a working model on the role of USP2a in TCR signaling. In this model, USP2a is constitutively associated with TRAF6 and keeps TRAF6 unSUMOylated under physiological conditions. Upon TCR stimulation, USP2a facilitates the interaction of unSUMOylated TRAF6 with MALT1. The recruitment of TRAF6 to the MALT1 complex is critical for activation of the E3 ubiquitin ligase activity of TRAF6, which then mediates the K63-linked polyubiquitination of MALT1 and itself, a step critical for signaling downstream NF-κB activation. This model can explain our observation that knockdown of USP2a inhibited K63-linked polyubiquitination of MALT1 and TRAF6. It is possible that knockdown of USP2a increases SUMOylation of TRAF6, blocks the recruitment of TRAF6 to MALT1 and subsequent activation of the E3 ligase activity of TRAF6, therefore, leads to inhibition of K63-linked polyubiquitination of MALT1 and TRAF6. Although more detailed mechanisms still need to be investigated, our study establishes an important role for USP2a in TCR-mediated signaling and provides an example on a possible role of an ubiquitin-related protease in deSUMOylation.
MATERIALS AND METHODS
Reagents
The antibodies against the following antigens were purchased from the indicated companies: antibodies against human USP2a (Abgent), CD3, CD28 and mouse IgG1 (BD Biosciences), Flag epitope and β-actin (Sigma), haemagglutinin (HA) epitope and ubiquitin (Origene), BCL10 (Santa Crus), human SUMO-1 (Zymed), human IκB and phosphor-IκBα (Ser32/36) (Cell Signaling Technology) were purchased from the indicated companies. Mouse antisera were raised against recombinant human CARMA1, MALT1 and TRAF6 respectively. Human IL-2 ELISA kit (Boster), phorbol myristate acetate (PMA) (Promega), calcium ionophore Ionomycin (Calbiochem), InterPlay Mammalian TAP system (Stratagene), His Pur Ni-NTA Resin (Thermo), TRIzol RNA isolation reagent (Invitrogen) and Gamma Bind G Plus-Sepharose (GE Healthcare Life Sciences) were purchased from the indicated companies.
Plasmid constructs
Mammalian expression plasmids for human CARMA1, BCL10, MALT1, TRAF6 or USP2a, fused with Flag-or HA-epitope, were constructed by standard molecular biology techniques. Sequences of RNAi constructs for knocking down the expression of human USP2a were previously described .
Protein purification and mass spectrometry analysis
HEK293 cells (5 × 10 8 ) stably transfected with pCTAP-MALT1 were collected. Cell lysates were subjected to tandem affinity purification procedures. The purified MALT1-associated proteins were digested by trypsin in solution, and the tryptic peptides were analyzed by HPLC-ESI/MS/MS with a Thermo Finnigan LTQ adapted for nanospray ionization. The tandem spectra were searched against Homo sapiens National Center for Biotechnology Information reference database using SEQUEST. Results were filtered by Xcorr+1 > 1.9, +2 > 2.2, +3 > 3.5, sp > 500, Deltcn > 0.1, Rsp ≤ 5.
Transfection
HEK293 cells were transfected with mammalian expression plasmids by standard calcium phosphate precipitation. Jurkat T cells were transfected with siRNAs or expression plasmids by retroviral transduction .
Cell sorting by FACS
Constructs of MIGR-GFP-USP2a were transfected into USP2a-knockdown Jurkat T cells. Forty-eight hours later, GFP-positive cells were isolated based on fluorescence intensity using the MoFlo XDP Sorter (Beckman Coulter). Approximately 1 × 10 5 cells of each sample with > 95% purity were obtained and cultured for further experiments.
Coimmunoprecipitation and ubiquitination analysis
For coimmunoprecipitation experiments, HEK293 cells or Jurkat T cells were lysed in NP-40 lysis buffer (20 mmol/L Tris, 150 mmol/L NaCl, 1% NP-40, 1 mmol/L EDTA, pH 7.4) supplemented with proteases inhibitors (10 μg/mL aprotinin, 10 μg/mL leupeptin and 1 mmol/L phenylmethylsulfonyl fluoride). For each sample, 0.4 mL aliquot of lysate was incubated with 0.5 μg antibody and 25 μL GammaBind G Plus-Sepharose at 4°C for 4 h. The beads were washed for three times with 1 mL lysis buffer containing 0.5 mol/L 5 μg antibody and 25 μL GammaBind G Plus-Sepharose at 4°C for 4 h. The bead NaCl. For ubiquitination analysis, HEK293 cells or Jurkat T cells were suspended in 100 μL NP-40 lysis buffer containing 1% SDS and boiled at 95°C for 10 min. The boiled samples were then diluted with NP-40 lysis buffer to decrease the concentration of SDS to 0.1% and applied to normal Co-IP procedures.
Quantitative real-time PCR
Total RNA was extracted from Jurkat T cells (5 × 10 6 ) using TRIzol reagent and reverse-transcribed with M-MLV reverse transcriptase following the manufacturer′ instructions. Quantitative Real-time PCR was performed using the SybrGreen PCR Supermix on the CFX96 real-time system (Bio-Rad). In the experiment, housekeeping gene GAPDH was used as calibrators for normalization. Sequences of primers were as followed: GAPDH, 5′-GAGTCAACGGATTTGGTC GT-3′ and 5′-GACAAGCTTCCCGTTCTCAG-3′; IL-2, 5′-AGAACTCA AACCTCTGGAGGAAG-3′ and 5′-GCTGTCTCATCAGCATATTCAC AC-3.
ELISA
Jurkat T cells (~1 × 10 6 ) were stimulated with PMA (1 mmol/L) plus Ionomycin (1 mmol/L) for 15 h. IL-2 production in the culture medium was measured using a human IL-2 ELISA kit.
SUMOylation assays
Cells were lyzed with lysis buffer (6 mol/L Guanidunium-HCl, 20 mmol/L imidazole, 5 mmol/Lβ-ME, 10 mmol/L Tris, 100 mmol/L sodium phosphate buffer, pH 8.0). The cell lysates were incubated with Ni-NTA resin beads at 4°C overnight. The beads were serially washed with buffer A (lysis buffer containing 0.1% Triton X-100), buffer B (8 mol/L urea, 5 mmol/Lβ-ME, 0.1% Triton X-100, 10 mmol/L Tris,100 mmol/L sodium phosphate buffer, pH 8.0) and buffer C (8 mol/L urea, 5 mmol/Lβ-ME, 0.1% Triton X-100, 10 mmol/L Tris, 100 mmol/L sodium phosphate buffer, pH 6.3). The beads were eluted with the elution buffer (200 mmol/L imidazole, 5% SDS, 30% glycerol, 720 mmol/Lβ-ME, 0.00025% bromophenol blue, 150 mmol/L Tris-HCl, pH 6.7) for 20 min at room temperature. The eluted proteins were analyzed by immunoblots with the indicated antibodies.
Reporter assays
HEK293 cells (1 × 10 5 ) were seeded on 24-well dishes and transfected the following day by a standard calcium phosphate precipitation method. Empty control plasmid was added to ensure that each transfection receives the same amount of total DNA. To normalize for transfection efficiency, 0.05 μg of pRL-TK (Renilla luciferase) reporter plasmid was added to each transfection. Twenty hours after transfection, luciferase assays were performed using a dual-specific luciferase assay kit (Promega).
